The cluster of galaxies A754 undergoes a merger of several large structural units. X-ray observations show a nonequilibrium state of the central part of the cluster, in which a cloud of cold plasma 500 kpc in size was identified amid the hotter cluster gas. The X-ray image of A754 exhibits a brightness discontinuity, which can be interpreted as a shock wave in front of a moving cloud of dense gas.The shock parameters are determined from the jump in intergalactic gas density using the ROSAT image. The estimated Mach number is M 1 = 1.71 +0.45 −0.24 at a 68% confidence level.
INTRODUCTION
Clusters of galaxies are the largest gravitationally bound objects in the Universe. Mergers of clusters result in the release of potential energy into the intergalactic medium at a level of 10 63 erg, mainly in the form of heating by shock waves. Therefore, observations of shock waves in the intergalactic medium are particularly interesting because they provide information for studying the physical processes that accompany the cluster formation.
In this paper we study A754, a rich cluster of galaxies at z = 0.0541 in the stage of violent formation. ASCA observations of this cluster clearly indicate that the central part of the cluster is in a nonequilibrium state and hot and cold regions are identifiable in it (Henriksen and Markevitch 1996) .The pattern probably represents the motion of a cold dense cloud through a hotter ambient gas. Structures of this kind were observed by the Chandra satellite in several clusters (Markevitch et al. 2000; Vikhlinin et al. 2001; Mazzota et al. 2001 ).The merging parts of the clusters are generally expected to move at a supersonic speed, which leads to the formation of shock waves.
The ROSAT X-ray image of A754 exhibits a surface brightness discontinuity, which can be interpreted as a shock wave in front of a moving cloud of dense gas. The amplitude of the surface brightness discontinuity makes it possible to determine the jump in gas density at the shock front and, hence, the Mach number M = v/v s , where v s is the shock velocity and v s is the speed of sound in the medium. Unfortunately, the ROSAT energy range (0.5-2.5 keV) does not allow us to determine the gas temperature at the shock boundary; i.e., we cannot independently verify the interpretation of the brightness discontinuity as a shock wave using the temperature jump.
We quote the physical length scales assuming H 0 = 50 km s −1 Mpc −1 . The derive shock velocity and Mach number are independent of H 0 . * e-mail: krivonos@hea.iki.rssi.ru
DATA ANALYSIS
The ROSAT image of the cluster of galaxies A754 is shown in Figure 1 . The region of cold gas appears as a bright cloud at the image center. The shape and location of a brightness discontinuity to the left from the center are consistent with those of a shock in front of a cloud of cold gas moving at a supersonic speed.
Quantitative information about the gas density distribution can be obtained by analyzing the surface brightness profile. The shape of the front of the putative shock is well described by a circle with a radius of 775 kpc. We use the center of this circle as the reference point for radial distances. The surface brightness profile was extracted in a ±15 • sector with respect to the front symmetry axis 1 . The profile was measured in concentric rings of equal logarithmic width; the ratio of the inner and outer ring radii was 1.01. We verified that varying the reference point changed the measured jump in gas density only slightly.
Measuring the gas density distribution at large radii requires careful background subtraction and corrections for the telescope vignetting. We used S. Snowden's software (Snowden et al. 1994) for the data reduction. The software allows one to eliminate the periods of an anomalously high background of particles and scattered solar X-ray emission. In addition, the exposure maps are computed and all of the known background components are fitted and subtracted from the image. The final result is the image in a given energy range that contains only the cluster radiation, point-like X-ray sources, and the cosmic X-ray background. An optimal ratio of the cluster surface brightness to the background level is achieved by using data above 0.7 keV.
When measuring the X-ray brightness profile, we eliminated all of the detectable point-like sources and all the extended sources unrelated to the main cluster emission. The cluster makes a significant contribution to the total bright- ness even at large distances from the center (∼ 2 Mpc). Therefore, it is hard to identify a region that could be used to directly determine the background level. Instead, we derived the background level by fitting the brightness profile at large distances with the model consisting of a β -model (Cavaliere and Fusco-Femiano 1976) representing the cluster emission and a constant component representing background:
where I(r) is the surface brightness, I b is the background intensity, and r c is the core radius.
FITTING THE BRIGHTNESS PROFILE The main parameter of the shock motion is the Mach number, M = v/v s .The Mach number can be expressed in a standard way (Landau and Lifshitz 1988) in terms of the jump in any of the gas parameters (density, pressure, temperature) at the shock front. The most easily measurable quantity is the density jump, because the gas density is related to the emissivity by a simple relation: ε ∼ ρ 2 . Consequently, the problem reduces to deprojecting the brightness discontinuity.
The brightness profile can be best deprojected by fitting the data by some analytic dependence. Since the outer part of the cluster is most likely to have not yet been perturbed by the shock, we can assume that the gas density profile is described by the standard β -model. Inside the shock front, we will be concerned with a narrow range of radii in which the density profile can be assumed, to sufficient accuracy, to be a power-law function of radius. Thus, we have the following model of the plasma emissivity:
where R is the front position, ε 2 is the post-shock emissivity, and ε β is the central emissivity for the β model. The core radius r c was fixed at a typical value of 250 kpc (Jones and Forman 1984) .
The model emissivity profile was numerically integrated along the line of sight and folded with the angular resolution of the telescope (∼ 25 ′′ ). Note that the normalization of the β model in equation (2) can be expressed in terms of the pre-shock emissivity, ε 1 . To determine the parameters of the above model, we minimized the χ 2 value for four parameters (ε 2 , ε 2 /ε 1 , β , α). Figure 2 shows the derived model of the gas emissivity distribution (b) and the surface brightness profile (a).
RESULTS
The emissivity jump obtained by fitting the brightness profile is trivially transformed to the density jump (ε 2 /ε 1 ):
where the uncertainties are at a 68% confidence level for one interesting parameter. From the ρ 2 /ρ 1 ratio, we find the Mach number of the shock with respect to the ambient gas:
where γ = 5/3 is the adiabatic index for monatomic gas.
From (4), we obtain M 1 = 1.71
−0.24 at a 68% 1 = 1.71+0.45 -0.24 confidence level 68% (see Fig.3 ).
The derived value of M 1 corresponds to the gas temperature jump T 2 /T 1 = 1.72
+0.55
−0.28 . In principle, measuring such a temperature discontinuity would be an independent test of the validity of the interpretation of the observed structure as a shock wave. Unfortunately, the available Chandra and XMM observations of A754 do not allow us to determine the gas temperature outside the shock because of the low signalto-noise ratio. Inside the shock, the temperature is measured reliably, T 2 = 10 keV (Markevitch et al. 2003) from Chandra data.
A useful quantity is the shock velocity relative to the gas on the inner side of the discontinuity:
The measured value of T 2 allows us to determine the speed of sound and, hence, the absolute shock velocity: v 2 = 1070 ± 115 km s 
